Abstract Aims/hypothesis: We evaluated in a double-blind study the effect of early treatment with the immunomodulatory drug fusidin in patients with newly diagnosed type 1 diabetes mellitus. Methods: Twenty-eight adults with newly diagnosed type 1 diabetes were included in the study. The patients were randomly assigned (computergenerated random number sequence) to two experimental groups. Patients allocated to the fusidin (FUS) group (n=15) received sodium fusidate (fusidin; 500 mg orally three times daily for 4 weeks). Subsequently the drug was given at the same dose and scheduled for two consecutive weeks a month followed by 2 weeks a month without the drug for 20 weeks. Subjects allocated to the placebo (PCB) group (n=13) received placebo according to the same schedule and conditions described for sodium fusidate in the FUS group. All patients received a diet adjusted to their age and BMI, and intensive insulin therapy. Results: There were no statistically significant differences between the FUS and PCB groups in beta cell function, evaluated by basal and glucagon-stimulated C-peptide values during the follow-up (24 and 48 weeks). There was also no difference between the two groups in insulin requirement after 48 weeks (0.4± 0.2 and 0.4±0.2 U/kg body weight for the FUS and PCB groups, respectively). Antibody titres, including insulin autoantibodies, were similar in the two groups during the follow-up. Conclusions/interpretation: Early treatment of newly diagnosed type 1 diabetes patients with intermittently administered fusidin failed to influence the natural course of the disease.
Introduction
Intervention trials shortly after the onset of type 1 diabetes with the aim of preserving beta cell function represent an important line of research to allow better management of type 1 diabetes patients (reviewed in [1] ). In fact, the retention of a higher degree of beta cell function may lead to better metabolic control as well as reduction of hypoglycaemic episodes and microvascular complications. In addition, the results obtained from these experimental approaches could be translated into prophylactic strategies aimed at altering the natural history of the disease in the prediabetic phase.
In this context, different attempts at immune intervention have been assessed over several decades. For example, double-blind studies with the T-cell immunosuppressant cyclosporin A (CyA) have demonstrated its beneficial effect and underscored the pathogenic role of the immune system in most cases of human type 1 diabetes [1] . However, the side effects of CyA have limited its routine use in the clinical setting for newly diagnosed type 1 diabetes patients. Several efforts have therefore been made to identify immunomodulatory compounds with lower toxic-ity that might be considered for treatment of patients with newly diagnosed type 1 diabetes and even for prevention in individuals at risk of developing type 1 diabetes.
The antibiotic fusidic acid is a tetracyclic triterpenoic acid originally isolated from a strain of Fusidium coccineum; its prime use has been in the treatment of staphylococcal infections (reviewed in [2] ). During the last decade several studies by ourselves and others have repeatedly shown that fusidic acid and its sodium salt, sodium fusidate (Leo Pharma, Ballerup, Denmark), exert powerful immunomodulatory properties both in vitro and in vivo [2, 3] . The drug downregulates IL-2, IFN-γ and IL-1 secretion and also inhibits the lymphocyte costimulatory activity of IL-6 and IL-1 [2, 3] . The interference of fusidin with the cytokine network has been ascribed to its capacity to protect beta cells from destruction and to its observed beneficial effects in the three most commonly used preclinical models of human type 1 diabetes: the NOD mouse [4] , the DP-BB rat [2, 5, 6] and the mouse made diabetic with multiple low doses of streptozotocin (MLDSZ) [7] . These preclinical studies were corroborated by the beneficial effects of fusidin treatment in an open study conducted in newly diagnosed type 1 diabetes patients [8] . These observations, along with the fact that fusidin has been used for many years as an antibiotic with only negligible and reversible side effects, prompted us to test fusidin as a strategy to preserve beta cell function shortly after onset of type 1 diabetes in a double-blind, placebo-controlled design.
Subjects and methods

Patients and experimental groups
Thirty-four adults with newly diagnosed type 1 diabetes were assessed for eligibility. Six were excluded (two did not meet inclusion criteria, four refused to participate) and 28 were admitted to the Endocrinology and Diabetes Unit, Hospital Clínic, Barcelona. The study protocol was approved by the Hospital Clínic i Universitari ethics committee and informed consent was obtained from all patients. Criteria for inclusion were the presence of newly diagnosed type 1 diabetes according to the American Diabetes Association criteria and age ≥18 and <35 years at the time of diagnosis. After correction of initial metabolic disturbances and immediately before discharge, subjects were randomly assigned (using a computer-generated random number sequence) to two experimental groups: FUS (n=15) and PCB (n=13). Patients allocated to the FUS group received sodium fusidate (Leo Pharma, Ballerup, Denmark), 500 mg orally three times daily for 4 weeks. Subsequently the drug was given at the same dose and for two consecutive weeks each month followed by 2 weeks without the drug each month, for 20 weeks. Subjects allocated to the PCB group received placebo according to the schedule and conditions described for sodium fusidate in the FUS group. All patients received a diet adjusted for their age and BMI, and intensive insulin therapy. This dose of FUS was chosen on the basis of open pilot studies showing that similar doses of the drug favourably influenced the course of other immunoinflammatory diseases, such as Behçet's colitis, chronic endogenous uveitis, Crohn's disease (reviewed in [2] ), Guillain-Barré syndrome [9] and steroid-resistant relapses of multiple sclerosis [10] . The drug was administered intermittently to avoid the possible emergence of drugrelated toxicities secondary to its prolonged use, as there was no available information on the possible side effects of continuous 6-month treatment with 1.5 g FUS/day.
Intensive insulin therapy
The intensive insulin therapy schedule consisted of three or four daily doses of insulin s.c., as required: rapid-acting insulin before meals and NPH insulin before dinner/bedtime. Insulin doses were adjusted in every patient to maintain the preprandial blood glucose level between 3.9 and 7.0 mmol/l and the postprandial glucose level <10 mmol/l, based on four to six daily capillary determinations. During the admission period all patients were included in a 5-day education programme for patients with newly diagnosed type 1 diabetes.
Assessment of pancreatic beta-cell function
A glucagon test was performed in the absence of hypoglycaemia in the previous 48 h and only when fasting blood glucose values were between 5.0 and 8.0 mmol/l. Plasma C-peptide measurements were performed before and 6 min after i.v. injection of 1 mg of glucagon (NovoNordisk, Gentofte, Denmark). C-peptide was determined by RIA (limit of detection 0.033 nmol/l; intra-assay CV 2.6%; interassay CV 4.4%) and a commercially available kit (Bick Santeg, Dietzenbach, Germany). Basal and stimulated C-peptide concentrations during the glucagon test were used as beta cell function parameters.
Antibody measurements
Glutamic acid decarboxylase, tyrosine phosphatase antibodies and insulin autoantibodies were measured as described previously [11] .
Follow-up
The same team visited patients every 2 weeks during the first 12 weeks, and then at 24, 36 and 48 weeks. At each visit weight, daily insulin dose, hypoglycaemic episodes and adverse events were recorded and patients were reinstructed in the glucose goals. The glucagon test and antibody measurements were performed initially and after 24 and 48 weeks. HbA 1 c was determined by HPLC (HA 8121, Menarini Diagnostici, Firenze, Italy) at the same intervals (normal range 3.4-5.5%).
Statistical analysis
Data are presented as mean±SD unless stated otherwise. Thirteen patients were considered to be included in each of the two treatment groups to detect a 50% difference in stimulated C-peptide at the end of the study, with a twotailed alpha value of 0.05 and 1-beta=80% (projected value of stimulated C-peptide after 48 weeks in the control group, 1.12 ng/ml). Baseline comparisons between the two groups were performed using the Mann-Whitney
Results
Twenty-eight subjects were included in the study. Two subjects in the PCB group and three in the FUS group were excluded because of early lack of compliance with the protocol. Only one subject was excluded (PCB group) from the intention-to-treat analysis because of no postrandomisation data on primary and secondary endpoints. The intention-to-treat analysis included 15 subjects in the FUS group and 12 in the PCB group. The clinical characteristics of the two experimental groups are shown in Table 1 .
In general, HbA 1 c values declined towards normal values shortly after treatment was initiated in both groups.
They were not significantly different at any time of the follow-up (24 weeks, 5.8±1.1 and 5.3±0.6%; 48 weeks, 5.8±0.9 and 5.8±1.1%; FUS and PCB groups, respectively). None of the patients included in the protocol experienced severe hypoglycaemic episodes requiring assistance during the follow-up. There were no adverse events related to the administration of either placebo or sodium fusidate, the latter being well tolerated throughout the study. After 48 weeks of treatment, weight increased similarly in both groups (FUS group, from 65.1±10.6 kg at entry to 69.8±11.8 kg at 48 weeks; PCB group, from 67.0±8.9 kg at entry to 73.8± 10 .3 kg at 48 weeks). There were no differences between the groups in terms of beta cell function evaluated from basal and glucagon-stimulated C-peptide values during follow-up (Table 2 ). This was also the case for insulin requirement: 0.4±0.2 U/kg body weight in the FUS group and 0.4±0.2 U/kg body weight in the PCB group. As shown in Fig. 1 , beta cell function remained mostly unchanged after 48 weeks of follow-up in both groups. The number of subjects with an increase >50% in stimulated C-peptide after 48 weeks in comparison with initial value was three in both groups. Antibody titres were similar in both groups during the follow-up, including those for insulin autoantibodies.
Discussion
Our study failed to demonstrate a beneficial effect of intermittently adding fusidin to intensive insulin therapy in patients with newly diagnosed type 1 diabetes, both in terms of beta cell function and metabolic control. Hence, these data do not support the results of our previous pilot study, a non-randomised trial in which early institution of fusidin treatment increased the rate of complete remission in newly diagnosed type 1 diabetes patients compared with untreated controls. It is, however, difficult to compare the two studies because of major differences in the design, treatment regimens and primary aims. In the pilot trial, fusidin was administered at the dose of 2 g/day until the onset of clinical remission (defined by suspension of insulin therapy and normal blood glucose levels) or until 2 months of continuous medication. In the present study, the drug was given at the dose of 1.5 g/day, commencing with continuous treatment for 4 weeks, followed by alternating periods of 2 weeks with and 2 weeks without treatment. In addition, fusidin was administered along with intensive insulin therapy and, according to more recent treatment guidelines on the management newly diagnosed type 1 diabetes [12] , interruption of insulin treatment was not included among the primary aims. In the recent past, some small trials have raised the possibility of mitigating the deterioration of beta cell function at the onset of type 1 diabetes using different approaches. In comparison with these trials, and judged by the HbA 1 c values during the follow-up period, we succeeded in achieving tight glycaemic control using intensive insulin therapy [13, 14] . As has been stated recently, in intervention trials standard treatment with insulin therapy should aim to get HbA 1 c as close to normal as possible without causing hypoglycaemia, and this factor can influence outcome measures. It is well known that intensive insulin therapy can delay the loss of residual C-peptide secretion [15, 16] , and the nearly-normal glycaemic control achieved in our trial could have mitigated and masked the potential beneficial effect of fusidin. Likewise, it can not be ruled out that an effect of fusidin could be unmasked if used with a greater number of patients, especially younger patients or those with a more rapid decline in beta cell function.
Our demonstration in the present study of the inability of fusidin to exert a favourable effect on the course of newly diagnosed type 1 diabetes is in striking contrast to preclinical studies carried out by ourselves and others using animal models of the disease, such as the NOD mouse [4] , the diabetes-prone BB rat [5, 6] and the mouse made diabetic with MLDSZ [7] , which all benefited from fusidin prophylaxis. The effect of fusidin in these three models of human type 1 diabetes was particularly encouraging for possible translation to the clinical setting, as inhibition of diabetes development in all these models is not achieved by the T-cell immunosuppressant CyA, which has shown a moderate effect in patients with type 1 diabetes [1] . In fact, whilst CyA prevents disease development in the NOD mouse [17] and the DP-BB rat [18] , it worsens the course of the disease in the murine model of MLDSZ-induced diabetes [19] .
In a more general context, the present data reinforce the limits of the rodent models of human type 1 diabetes, at least as in vivo tools for predicting immunopharmacological approaches for the treatment of the disease. As recently highlighted by Roep et al. [20, 21] , the hundreds of compounds proven to be effective in delaying/preventing type 1 diabetes in these rodent models, while lacking substantial effect in the human disease counterpart, call for rethinking and re-evaluation of experimental immunotherapeutic approaches in the preclinical setting. Post-treatment follow-up studies are also important to ascertain the duration of the antidiabetogenic effect of tested compounds. Drugs whose action is rapidly reversed upon treatment interruption should not be worth considering for their use in human type 1 diabetes, as this would imply lifelong medication.
In summary, in our study, fusidin administered intermittently together with intensive insulin therapy was not more effective than intensive insulin therapy alone in preserving beta cell function in newly diagnosed type 1 diabetes. The outcome of our study does not, however, exclude a possible effect of FUS in delaying/preventing type 1 diabetes development if administered prophylactically to individuals at high risk of developing the disease. Because prolonged treatment with FUS was well tolerated and without haematological or biochemical side effects in the present study, we believe its use in small pilot trials in prediabetic individuals may still be worthy of consideration.
